Purpose The pterygopalatine ganglion has yet not been identified on medical images in living humans. The primary aim of this study was to evaluate whether the pterygopalatine ganglion could be identified on 3 T MR imaging. Methods This study was performed on medical images of 20 Caucasian subjects on both sides (n = 40 ganglia) with an exploratory design. 3 T MR images were assessed by two physicians for the presence and size of the pterygopalatine ganglion. The distance from the pterygopalatine ganglion to four bony landmarks was registered from fused MR and CT images. In an equivalence analysis, the distances were compared to those obtained in an anatomical cadaveric study serving as historical controls (n = 50). Results A structure assumed to be the pterygopalatine ganglion was identified on MR images in all patients on both sides by both physicians. The mean size was depth 2.1 ± 0.5 mm, width 4.2 ± 1.1 mm and height 5.1 ± 1.4 mm, which is in accordance with formerly published data. Equivalence of the measurements on MR images and the historical controls was established, suggesting that the structure identified on the MR images is the pterygopalatine ganglion. Conclusion Our findings suggest that the pterygopalatine ganglion can be detected on 3 T MR images. Identification of the pterygopalatine ganglion may be important for image-guided interventions targeting the pterygopalatine ganglion, and has the potential to increase the efficacy, safety and reliability for these treatments.
Introduction
The pterygopalatine ganglion (PPG) is an autonomic cranial ganglion situated in the pterygopalatine (sphenopalatine) fossa and is described as the largest of the peripheral parasympathetic ganglia [15] . The size of the human PPG has been measured by Penteshina in 70 cadavers to 3-5 mm [12] . Traditionally, the PPG has been described as a single structure, and Lovasova et al. found in a cadaveric study the PPG to be remarkably similar regarding topography and morphology [10] . Rusu et al. reported in an anatomical study dissecting 40 pterygopalatine fossae in 20 adult humans; the PPG to be macroscopically partitioned in 30% of the cases [15] . The PPG carries sensory, sympathetic and parasympathetic nerves that innervate structures of the head and the face, and is a potential target for interventional treatment for a range of disorders including primary headache disorders, idiopathic facial pain, trigeminal neuralgia, allergic rhinitis, and sinonasal polyps [5, 13] . Due to its small size and deep location within a fossa partially surrounded by bone and neural and vascular tissues, image-guided methods such as medical image guidance or surgical navigation are needed for accurate and safe procedures that target the ganglion. However, the PPG has yet not been identified on medical images in living humans. Variation of the localisation of the PPG is a proposed reason for failures in techniques targeting the PPG [15] . Accuracy, safety and reliability may be improved in image-guided procedures if the PPG can be identified on routine medical images. During the development of a technique for injecting onabotulinumtoxinA towards the PPG using surgical navigation and a novel device (MultiGuide ® ), the need for precise localisation of the PPG arose. In two pilot studies exploring the safety of this injection for the treatment of chronic cluster headache (n = 10) [4] and chronic migraine (n = 10) [3] , CT and magnetic resonance imaging (MRI) were performed for the preplanning of the procedure.
Lang and Keller [9] performed an anatomical dissection of 50 half heads, 38 males and 12 females, measuring the distances with callipers from the PPG to the mid-sagittal plane, conchal crest, and the centres of the anterior aperture of the vidian canal and foramen rotundum. This is the largest study we have been able to find identifying the location of the PPG in relation to structures easily identified on CT and may therefore be suitable to establish equivalence with our findings. Only mean distance and range are given in the publication, but fortunately, in the doctoral thesis of Keller the results of the same study are given with variance of the mean [8] , enabling us to do an aggregated statistical comparison of our measurements on MRI with the same measurements on cadavers by Lang and Keller as a historical control. By the concept of trilateration, a geometrical method whereby the location of one point in a three-dimensional space can be determined by the distance to other multiple points, the location of the PPG on living humans measured on MRI can be compared to the location on cadavers measured with callipers.
The primary aim of this study was to evaluate whether the PPG could be identified on MRI. An equivalence analysis of the distance between the assumed PPG to multiple landmarks on fused MR and CT images with those obtained from an anatomical study on cadavers as a historical control was performed to support our findings.
Method
The present study was performed on medical images of 20 Caucasian subjects (n = 40 ganglia) participating in two pilot studies evaluating the safety of injection of onabotulinumtoxinA towards the PPG using surgical navigation. One study was performed on chronic cluster headache (n = 10), and one on chronic migraine (n = 10), both conducted at St. Olavs All CT scans were performed using a helical CT scanner (Somatom sensation 64, Siemens, Germany) set at effective mAs 63, 120 kV, slice thickness 1 mm, reconstruction increment 0.7 mm, collimation 12 × 0.6 mm, Kernel U 70, window width 450 HU and window centre 50 HU. The MRIs were first assessed independently by two observers (one ENT specialist and one neuroradiologist) for the presence and size of the PPG on Sectra Workstation IDS7 (Sectra AB, Sweden), and then reviewed together. Differences of opinion were resolved by consensus. Three measurements of the size of the PPG were registered: Width was defined as the largest measure in parallel of the nearest posterior bone of the PPG in the axial plane; depth as the largest measure perpendicular to the width in the axial plane; and height as the largest measure in the sagittal plane. Fusion of MR and CT images was performed using Brainlab iPlan 3.0 (Brainlab AG, Feldkirchen, Germany). For identification of bony landmarks, the CT images were reconstructed using a bone algorithm and evaluated at bone (wide) window setting. The CT images were reviewed together by two physicians and coordinates for the PPG and the landmarks were registered. Coordinates of the following landmarks were registered: foramen rotundum; vidian canal; mid-sagittal plane; and conchal crest (posterior part). The coordinates of the nearest bony point of the anterior and posterior limitation of the pterygopalatine fossa in relation to the PPG were 1 3 also obtained. The centre of the PPG and the centre of the anterior aperture of foramens and canals were used as point for measurements. The mid-sagittal plane was set by visual evaluation of the anatomy. Distances between landmarks were calculated using the coordinates of the PPG and landmarks.
To confirm our findings on MRI, distances from PPG to the bony landmarks were compared to those obtained by Lang and Keller in an anatomical cadaveric study on 50 cadaveric half heads (n = 50) [8, 9] as a historical control.
Statistical analysis
SPSS version 21.0 (SPSS Inc., Chicago, Illinois, USA) was used in the data analyses. Data distributions were expressed as means and standard deviations (SD), results are given as mean ± standard deviation if not otherwise stated. Due to the exploratory nature of the study, sample size calculation was not performed. Standard deviation for the historical control was not stated in the original article by Lang and Keller [9] , and the authors of the present study were not aware that these data were available in the doctoral thesis of Keller [8] before the calculation of the mean and standard deviation for the distances of the current study. The equivalence margin was set when both mean and standard deviation for the current study and the historical controls were available, but prior to the aggregated data analysis of the difference of the means and confidence intervals. Aggregated data were used to calculate the difference of means with a two-tailed 95% confidence interval for each measured distance on MRI compared to the historical control. It seems reasonable to assume that there is a true difference of these distances on living humans as measured on MRI and on cadavers as measured with callipers. To our knowledge, there is no available data for comparison of these two methods of measurements. The PPG is the largest neural structure in the pterygopalatine fossa, and there are no other structures nearer than 3 mm that can systematically be mistaken for the PPG in two or more planes on MRI. In the absence of published data, an equivalence margin of 3 mm was selected because a smaller difference seems irrelevant in comparing these two different methods of measurement, but small enough to avoid that a structure could systemically be mistaken for the PPG. In addition, equivalence of measurements is demonstrated if upper and lower boundaries of the two-sided 95% confidence interval lay within the equivalence margin [1] .
Results
Characteristics of the patient population are given in Table 1 .
MRI
A structure assumed to be PPG was identified on MRIs in all patients on both sides by both physicians. Differences of opinion as to which structure on the image represented the ganglion were encountered on 11 sides. In all 11 sides, a closer scrutiny by both physicians together made it clear that one of the physicians had misjudged the cross-section of the maxillary nerve as the PPG, in all cases being too lateral and superior for the expected location of the PPG (Fig. 1) . In most cases, PPG was easiest to identify on axial T1-weighted sequences, and none was identified on coronal slides. We found that the easiest way to detect the PPG was to first identify the vidian canal, which in most cases can be identified on MRIs due to the characteristic wide anterior opening. The most typical location of the PPG is on the lateral side of the vidian canal as it opens into the pterygopalatine fossa. The PPG was identified in this approximate location on 29 sides. The most typical shape of the PPG in the axial plane was a crescent shape (Fig. 2) seen in 29 sides, on 8 sides it was more rounded (Fig. 3) , and in 3 sides elongated (Fig. 3) . The signal intensity of the PPG on both T1 and T2 weighted images was intermediate as expected for neural structures. The mean size of the PPG is given in Table 2 . Table 3 depicts distances from PPG to bony landmarks and the same measurements obtained by Lang and Keller on 50 cadaveric half heads (50 sides). Since all upper and lower boundaries of the two-sided 95% confidence interval lay within the equivalence margin, equivalence of the distance from the PPG to the landmarks were established. The average distance from the centre of the PPG to the nearest point of the bony anterior and posterior limitation of the pterygopalatine fossa was, respectively, 3.3 ± 1.3 and 1.6 ± 0.5 mm. In a post hoc analysis, we could not find a trend towards sex-dependent differences of any of the measured distances in our material. 
Fused MR and CT images

Discussion
A structure assumed to be PPG was identified on each of 40 sides on 3 T MRI. The size of the structure was measured to be of depth 2.1 ± 0.5 mm, width 4.2 ± 1.1 mm and height 5.1 ± 1.4 mm, which is in accordance with the literature [2, 12, 16] . Small mean differences were found when comparing the distances between the assumed PPG and four landmarks in the current study with a historical control of measurements on cadavers. The upper and lower boundaries of the two-sided 95% confidence interval lay within the equivalence margin of 3 mm for all four measurements, hence equivalence of the measurements on MRI and the historical control was established, suggesting that the structure identified on MRI is the PPG. The most common misjudgement during the examination of the MRIs was mistaking the maxillary nerve for the PPG. The maxillary nerve emerges from the foramen rotundum and enters the inferior orbital fissure. Hence, an axial view of the maxillary nerve in a horizontal direction may give the impression of a larger structure than expected (Fig. 1) . This structure was in all cases both superior and lateral to the PPG.
Rusu et al. found a macroscopically partitioned PPG in 30% of the cases in a cadaver study [15] , but do not report the size of the partitions nor the distance between the two partitions, hence it is difficult to predict how such partitioned structure would be manifested on MRI images with our protocol. With a 2-mm slice thickness, identification of a structure with the average size of 3-5 mm is just within the limits of the imaging method. With the prediction of each partitioned structure being even smaller, being able to identify both partitions on MRI seems less probable. One may posit that in the case of partitioned PPGs, only the biggest portion would normally be identifiable. In other cases, the partitions may appear like one structure on MRI due to the slice thickness. To the best of our knowledge, there is no evidence of a topographical partition of the PPG, so in a clinical setting targeting the biggest partition, as seen on MRI in the present study, may be a reasonable approach. We found that the easiest way for us to detect the PPG on MRI was first to identify the vidian canal on axial slices. The PPG was in approximately three quarters of the images located near the lateral aspect of the opening of the vidian canal in the pterygopalatine fossa. Typically, it has a crescent shape in the axial plane (Fig. 2) .
Very few imaging studies have previously been published about the PPG. Oomen et al. performed 7 T MRI of one cadaver head and was able to detect the PPG, the location of which was verified by dissection [11] . Image appearances in 7 T MRIs are affected by cadaver preparation, and in addition, they are still rarely used in routine clinical practice. The authors refer to an article by Chang et al. on imaging of malignant melanoma of the head and neck stating that the PPG can easily be identified, but the PPG is not mentioned in the referenced publication [6] . In 2007, Alvernia et al. published the results of MRI and CT imaging of three patients scheduled for gamma knife treatment targeting the PPG [2] . They concluded that PPG could not be identified on MRI.
Targeted interventions towards the PPG for the treatment of primary headaches include radiofrequency destruction, neurostimulation and injections. Two different techniques for guidance are frequently reported; fluoroscopy and CT guidance. The PPG cannot be seen on the medical image when using either of these two techniques. The present study indicates that performing a pre-treatment MRI may give the precise location of the PPG, which can be used, either by image fusion or landmarks measurement, to increase the accuracy and safety of the treatment. For insertion of stimulation electrodes, accuracy is important for both effect and decreasing the potential for unintended stimulation of nearby sensory nerves inducing paraesthesia. The exact localisation of the PPG in each case may increase accuracy of insertion and improve patient outcomes.
Several studies report the results of injection towards the PPG, including chemical destruction with alcohol or phenol [7] and short-acting local anaesthetics in combination with corticosteroids [14] onabotulinumtoxinA injections towards the PPG in intractable chronic cluster headache and chronic migraine [3, 4] . To achieve the accuracy necessary to perform such blockade, the procedure was performed with a surgical navigation-assisted technique. Surgical navigation is a system in widespread use that tracks and displays the tip of an instrument relative to a pre-required medical image. CT guidance to perform injections towards the PPG seems feasible, but in the cases of repeated injections, it raises the question of radiation hygiene, both for patient and the interventionist. Using surgical navigation, one CT acquisition may be used for repeated injections over time, alleviating the concerns of radiation exposure. Another advantage of surgical navigations is the possibility of fusion of MRI and CT, and as such transfer of the exact location of the PPG to CT images, enabling the interventionist to see the location of the PPG during the procedure. This technique was applied in the above-mentioned studies of onabotulinumtoxinA injections towards the PPG.
Limitations
In the present study, we aimed at identifying a structure on MRI that has not been identified before in living humans. The evaluation of the MRIs was based on consensus between the examiners, and evaluation of an inter-observer agreement was not appropriate with this exploratory design. Only two physicians examined the images. All patients had primary headache, but there is no evidence of deviance of the anatomy of intracranial head and neck structures in this population. A comparison of the results was performed with measurements from a cadaver study that do no state the race of the subjects. In the cadaver study, 24% of the subjects were females, compared to 75% in the current study. Different mean skull sizes in males and females and between different races may have biased the results. In a post hoc analysis, we could not find a trend towards sex-dependent differences of the measured distances in our material. Sample size calculation was not performed due to the absence of published data on the method. There are methodological differences between the current study and the historical data, especially concerning the methods of measurement, and published data to support the equivalence margin determination were not found. The margin was set merely on a constancy assumption based on the investigators judgment and when both mean and standard deviation for the current study and the historical controls were available, but prior to the aggregated data analysis of the difference of the means and confidence intervals. This study should be considered an exploratory study and the results should be confirmed by other investigators on a larger population with an interobserver correlation.
Conclusion
Our findings suggest that the PPG can be identified on 3 T MRIs with the presented imaging protocol. By comparing the relative location of the PPG to bony landmarks in medical images in our study with those obtained in an anatomical cadaveric study as a historical control, we find that the distances from the PPG to four bony landmarks are equivalent, establishing as probable that the structure identified on the MRI is the PPG. Identification of the PPG may be important for image-guided interventions targeting the PPG, and has the potential to increase the efficacy, safety and reliability for these treatments.
